The strong coupling regime is observed in a system of two-dimensional electrons whose cyclotron motion is coupled to an electro-magnetic mode in a Fabry-Perot cavity resonator. The Rabi splitting of eigenfrequencies of coupled motion is observed both in the cavity reflection spectrum and ac current of electrons, the latter probed by measuring their bolometric photoresponse. Despite the fact that similar observations of the Rabi splitting in many-particle systems have been described as a quantum-mechanical effect, we show that the observed splitting can be explained completely by a model based on the classical electrodynamics.
The strong coupling regime is observed in a system of two-dimensional electrons whose cyclotron motion is coupled to an electro-magnetic mode in a Fabry-Perot cavity resonator. The Rabi splitting of eigenfrequencies of coupled motion is observed both in the cavity reflection spectrum and ac current of electrons, the latter probed by measuring their bolometric photoresponse. Despite the fact that similar observations of the Rabi splitting in many-particle systems have been described as a quantum-mechanical effect, we show that the observed splitting can be explained completely by a model based on the classical electrodynamics. Introduction. Recent years were marked by a significant interest in the strong coupling of a collection of quantum particles to the electro-magnetic modes of a resonator. Besides traditional systems used in cavity QED experiments such as Rydberg atoms [1] [2] [3] , strong coupling regime has been recently studied in various paramagnetic [4] [5] [6] [7] [8] and ferromagnetic [9] [10] [11] electron spin ensembles, a coupled nuclear-electron spin system [12] , as well as two-dimensional electron systems (2DES) in semiconductors [13] [14] [15] [16] and graphene [17, 18] . The hallmark of the strong coupling regime is the splitting in the resonator spectrum revealed in the signal reflected from or transmitted through the resonator. In case of a collection of N quantum particles this splitting scales as √ N and is referred to as the Rabi splitting [4, 19] .
Besides general interest in the fundamental problem of light-matter interaction, the particular interest in the strong coupling regime comes from the quantum information processing as strong coupling to a high-Q resonator enables coherent information transfer between, for example, a qubit and spin system excitations [20] . Therefore, most of the recent observations of strong coupling have been interpreted as pure quantum phenomena. However, it is rarely mentioned that the strong coupling between large N-particle ensemble and the coherent state of electromagnetic mode in a resonator can be described completely classically in many cases [2, 15, 21] . Indeed, one needs to introduce non-linearity to a strongly-coupled quantum system in order to create pure quantum states (e.g., a superconducting qubit can be used for creation of non-classical states [22] ). Otherwise, in a linear system, such as coupled system of N-particle ensembles and electromagnetic cavity mode, the problem is equivalent to two coupled harmonic oscillators which exhibit the normal mode splitting when the eigen frequencies of uncoupled oscillators coincide [23] .
In this Letter, we report observation of the strong coupling between cyclotron mode of 2D electrons on the surface of liquid helium and a 3D microwave cavity resonator. The splitting in the eigen spectrum of coupled motion is observed in the cavity reflection signal, as well as in the ac current of electrons detected by measuring their bolometric photoresponse. A simple model that uses, on the one hand, an expression for the ac conductivity of electrons and, on the other hand, the classical equations for electro-magnetic field in the cavity accounts for all experimental features including the observed splitting. The square-root scaling of the splitting with the number of electrons follows naturally from our model. Thus, our work reproduces all features of the strong coupling regime for a large N-particle 2DES but puts it on a completely classical ground.
Experimental setup. Measurements were performed at temperature of T ≈ 0.2 K in a dilution refrigerator (Fig. 1a) . Liquid helium-4 was condensed into a vacuum-tight cylindrical copper cell with internal diameter of 40 mm (Fig. 1b) . The cell contained a semiconfocal Fabry-Perot resonator formed by a top spherical mirror and a flat gold-film mirror at the cell bottom. The distance between two mirrors was D = 7.4 mm. The flat mirror was made in a form of three concentric electrodes (the Corbino disk). Further details can be found elsewhere [24] . The Fabry-Perot resonator was operated at TEM 003 mode which can be described by the Gaussian beam distribution [25, 26] . The beam waist w 0 was calculated to be about 2 mm. The microwave electric field was parallel to the liquid helium surface, and the liquid surface was located in the antinode of TEM 003 mode (at distance h ≈ 0.85 mm above the flat mirror) at which the amplitude of the microwave electric field was maximal. The cavity resonance frequency was ω r /2π ≈ 88.4 GHz, and Q-factor was measured to be about 900 at low temperatures. The resonator was probed by pulse modulated microwave pumping at frequency ω with modulation rate of 5 kHz. The microwave power P r reflected from the resonator was detected by an indium antimonide (InSb) hot-electron bolometer and synchronously demodulated by a lock-in amplifier (Fig. 1c) . Sensitivity of the InSb bolometer was measured to be about 700 V/W.
Free electrons were injected into the cell via thermal emission from a tungsten filament mounted inside the cell (see Fig. 1b ) while a positive voltage V B was applied to the center and middle electrodes of the Corbino disk. In addition to the electrostatic potential created by biased electrodes, electrons experience a long-range attractive force towards free surface of liquid helium due to its polarizability. On the other hand, electrons are affected by a short-range repulsive barrier at the liquid surface due to the negative affinity of an electron to a 4 He atom caused by the Pauli exclusion principle. Due to the resultant potential well seen by electrons, a 2DES is formed on the free surface of liquid helium [27, 28] . These surface electrons (SEs) can freely move along the helium surface, but their vertical motion is quantized. The corresponding surface energy levels are described by the hydrogenlike spectrum. The energy difference between the ground surface level and the first excited level is about 0.55 meV (≈ 6 K in terms of temperature) in zero electric pressing field (V B = 0), and it increases with the increase of pressing field due to the linear Stark effect. Therefore, for typical temperatures used in the experiment SEs occupy the ground surface level. Density of electrons is determined from the condition of complete screening of electric field above the surface, n e = ǫ 0 ǫV B /eh, where ǫ 0 is the vacuum permittivity, ǫ = 1.057 is liquid helium dielectric constant, and e is the electron charge. The negatively biased outer bottom electrode was used as a guard ring to prevent electrons from escape. The magnetic field B perpendicular to the liquid surface was created by a superconducting solenoid, and cyclotron resonance could be excited by the microwave electrical field when the frequency ω matched the cyclotron frequency ω c = eB/m e , where m e is the free electron mass.
Strong coupling. Figure 2a shows the reflected microwave power P r obtained with SEs in the cavity under typical experimental conditions and plotted as a function of the microwave probe frequency ω and external magnetic field in units of ω c . A pronounced avoided crossing in the cavity resonance is found near the degeneracy point, that is the point where the uncoupled cavity mode ω r would otherwise cross the uncoupled cyclotronresonance mode ω c . Thus, the observed anticrossing behavior represents normal-mode splitting in the coupled system of two oscillators: the cavity mode and the cyclotron motion of SEs. For the data presented in Fig. 2a , we find that the value of the splitting between two normal modes at the degeneracy point is about 2g/2π = 154 MHz. The full linewidth of the cavity mode is about γ/2π = 100 MHz, and the full linewidth of the cyclotron mode is approximately ν/2π = 20 MHz. Thus, the cooperativity C = 4g
2 /γν ≈ 12 is larger than unity, and, hence, strong coupling regime is realized in our experiment.
The observed avoided crossing is consistent with the Rabi splitting effect, which is typically discussed in the context of similar experiments on strong coupling between quantum particle ensembles and cavity modes [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In our experiment, the latter would be given by the coupling constant g in the form g = g 0 √ N e , where g 0 is the coupling strength for a single electron, and N e is the total number of electrons coupled to the cavity mode. For nondegenerate SEs occupying the lowest energy level of cyclotron motion the coupling strength is given by g = (el B E 0 )/h, where l B = h/m e ω c is the magnetic length and E 0 is the vacuum RMS electric field in the cavity. The latter can be estimated as E 0 = hω/2ǫ 0 V , where V is the cavity mode volume. For comparison with the experiment, the total number N e can be roughly estimated as N e = n e × S where S is the characteristic spot size of microwave Gaussian beam at the liquid helium surface, S = πw 2 0 ≈ 12.6 mm 2 . The mode volume V m for Gaussian beam, described by distribution E(r, z) = E 0 × f (r, z), was estimated numerically by integration over the cavity volume as
Thus, we obtain estimation value g/2π ≈ 200 MHz, which is comparable with the experimental value g/2π = 77 MHz. The observed dependence of the splitting on the electron density is consistent with √ N e scaling (see insert in Fig. 3b ). In addition to microwave cavity reflection measurements, we also performed simultaneous detection of the ac current in the 2DES induced by cavity field. Because it is very difficult to measure such a high frequency current directly, we employed its detection using electron bolometric photoresponse [29] . The method is based on the effect of heating induced by ac current of SEs on the electron dc resistivity [30] . The latter could be probed by measuring the complex admittance of the cell by the capacitive-coupling (Sommer-Tanner) technique [31, 32] using the central and middle electrodes of the Corbino disk, see Fig. 1b . The real part of admittance, which is proportional to electron dc resistivity, is plotted in Fig. 2b as a function of ω and ω c . The splitting of cyclotron resonance mode ω = ω c , as well as its significant broadening, is clearly observed near the degeneracy point. This measurement directly confirms that the coupling to microwave cavity mode modifies the electron cyclotron motion and introduces additional damping due to decay of the cavity field. Theoretical model. To understand the above results, we developed a model of 2DES in a simplified cavity resonator, basing on the approach suggested in [33] . In our model, the motion of coupled system is described by the following equations [34] 
where γ is the total loss rate of the resonator, D is the distance between resonator mirrors, c is the speed of light, η 0 is the intrinsic impedance of vacuum, ν is the cyclotron resonance linewidth determined by electron scattering and Coulomb interaction between electrons [28, [35] [36] [37] , and E in ∝ √ P in is the electric field component of microwave probe pump. The above equations relate the microwave electric field E x and electron current density j x in the 2DES plane through classical electrodynamics relations and electron ac conductivity σ xx = j x /E x . For E in =0, the solutions of Eq. For E in = 0, Eq. (1) can be readily solved for given pump frequency ω. The S 11 -parameter is given by [34] 
where γ int and γ ext are the internal and external loss rates of the resonator, γ = γ int +γ ext , and δω ext is the resonator frequency shift due to external coupling. For the sake of comparison with the experiment, |S 11 | 2 and normalized current density |j x /(σ 0 E in )|, where σ 0 = n e e 2 /(m e ν), 2ε0meD [34] . Note that this result coincides with the expression for the Rabi splitting in terms of the vacuum RMS electric field E 0 . Indeed, after multiplying and dividing the above result byh, it is straightforward to rewrite it in the form 2g = (2el B E 0 )/h (see [34] ). We can also represent the coupling constant g in the form g ∝ √ αn e , where α = e 2 /ch is the fine structure constant. A similar "quantum" representation for the coupling constant (denoted there by Ω) was used in Ref. [14] to describe strong coupling between the cyclotron transition of 2DES and THz resonators. Thus, we demonstrate that, similar to our work, results of Ref. [14] can be explained by a classical model as well.
A peculiar feature of our experimental results is a strong dependence of the coupling regime on the microwave probe power P in . The normal-mode splitting becomes noticeable only at sufficiently high power, as shown on Figure 3a ,b. We suppose that the observed behavior is related to the strong non-monotonic dependence of cyclotron resonance linewidth ν on the microwave power. Indeed, the so called Coulomb narrowing of the cyclotron resonance linewidth with microwave power was observed and explained in terms of electron heating and increase of many-electron fluctuating electric field experienced by an electron from its neighbours [36] . This field leads to suppression of electron scattering within the Landau level (LL), and, therefore, a reduction in ν. For small powers, the cyclotron resonance linewidth is about 100 MHz [29] and, since g < ν, γ, the system is not in the strong coupling regime and the normal mode splitting is not observed. With increasing power, reduction in ν allows to reach the strong coupling regime, and the normal-mode splitting is observed. Further increase in power leads to further increase of many-electron fluctuating electric field, which eventually assists the inter-LLs scattering, resulting in an increase in ν [36, 37] . Correspondingly, the observed normal-mode splitting diminishes, as shown in Fig. 3b . The dependence of observed splitting on ν obtained from our model is in good agreement with the experimental observation [34] .
Conclusions. We report observation of the strong coupling regime between a collection of 2D electrons on liquid helium and microwave cavity mode. The reported normal-mode splitting, also referred to as the Rabi splitting, is observed in both microwave response and electron transport measurements and shows correct scaling with the number of particles. We demonstrate that, in contrast with usual quantum-mechanical description of similar observations in other experiments, our result can be completely explained by a classical model. Similar classical treatment should be able to account for observations of the strong coupling in other linear systems. We note that adding a nonlinear quantum system, such as a qubit, to our experiment can provide possibility to use the pure bosonic system of quantum oscillators on liquid helium for cavity QED experiments and quantum information processing. In addition, the presented experimental method provides possibility to study intriguing radiation-induced magneto-transport phenomena such as zero-conductance [38] and incompressible states [39] of 2DES on liquid helium in the regime of strong coupling to radiation field.
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Supplemental Material for "Strong coupling of the cyclotron motion of surface electrons on liquid helium to a microwave cavity"
FABRY-PEROT RESONATOR WITH 2DES
In our model, the Fabry-Perot Resonator (FPR) is formed by two infinitely large mirrors parallel to xy-plane located at distance D apart from each other, see Fig. 4 . The top mirror (at z = 0) is a partially-reflecting mirror with the (amplitude) reflection coefficients r 1 and r 2 for the wave incident on the mirror from the top and bottom, respectively. The corresponding transmission coefficients are given by t i = 1 + r i , i = 1, 2. Here, we do not discuss physical realization of such a mirror. A trivial example is the interface between dielectric media with large dielectric constant (occupying the half-space z > 0) and vacuum. The bottom mirror (occupying the half-space z < −D) is a good conductor with finite electrical conductivity σ, which accounts for internal losses of FPR. The infinitely large 2D Electron System (2DES) is located in xy plane at distance d < D below the top mirror . The problem of electro-magnetic (EM) field distribution inside and outside the resonator is solved by considering the superposition of propagating (in z-direction) EM waves and accounting for the boundary conditions at z = −d and −D. We have
Here, the symbol E stands for the phasor of linearly-polarized (x-direction) electric field, j x is the current density in 2DES, η 0 = µ 0 /ε 0 (377 Ohm) is the intrinsic impedance of vacuum, k = ω/c = ω √ ε 0 µ 0 is the propagation constant in vacuum, κ = √ µ 0 ω/η is the propagation constant in conductor, and η is the intrinsic impedance of conductor:
The third and forth equations in Eqs.(3) express continuity of electric field and discontinuity of magnetic field, respectively, at z = −d. The latter is due to non-zero electric surface current in 2DES. We note that this result is equivalent to the expression for g in terms of the vacuum RMS electric field E 0 = hω/2ε 0 V . Indeed, by multiplying and dividing the above classical result byhω c , and using D = V /S, where S is the surface area of a finite-sized 2DES, we obtain g = n e e 2 2m e ε 0 D = ē h
where l B = h/m e ω c is the magnetic length, N e is the total number of electrons, and we used approximation ω ≈ ω c . Also, note that since D = cπ(m + 1)/ω 0 , the coupling constant can be represented in the form g ∝ √ αn e , where α = e 2 /(ch) is the fine structure constant. For the sake of comparison with the experiment, it is also helpful to derive expression for the reflection parameter S 11 = E out /E in . From Eqs. (3) it is straightforward to obtain
The numerical solutions for |S 11 | 2 and j x /E in obtained using Eqs. (9, 13) for the same conditions as in Fig. 5a ,b are shown and compared with experimental results in Fig. 2 in the main text.
